ABSTRACT Photoproteins, which emit light in an oxygen-independent intramolecular reaction initiated by calcium ions, have been isolated from several bioluminescent organisms, including the hydrozoan jellyfish Aequorea and the ctenophore Mnemiopsis. The system of a related anthozoan coelenterate, the sea pansy Renilfa reniformis, however, is oxygen dependent, requiring two organic components, luciferin and luciferase. Previously published indirect evidence indicates that photoproteins may contain a Renilla-type 11ci-ferin.
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We have now extracted in high yield a Renilfa-type luciferin from three photoproteins, aequorin (45% yield), mnemiopsin (98% yield), and berovin (85% yield). Photoprotein luciferin, released from the holoprotein by mercaptoethanol treatment and separated from apo-photoprotein by gel filtration, no longer responds to calcium but now requires luciferase and 02 for light production. Photoprotein luciferin is identical to Renilla luciferin with respect to reaction kinetics and bioluminescence spectral distribution.
In view of these results, the generally accepted hypothesis that the photoprotein chromophore is a protein-stabilized hydroperoxide of luciferin must be modified. We believe, instead, that the chromophore is free luciferin and that oxygen is bound as an oxygenated derivative of an amino-acid side chain of the protein. We propose the general term "coelenterate luciferin" to describe the light-producing chromophore from all bioluminescent coelenterates and ctenophores. Photoproteins from several species of bioluminescent coelenterates (1-4) and ctenophores (2, 4, 5) emit a rapid flash of light in an oxygen-independent intramolecular reaction initiated by calcium ions (1, 6) . Additional organic cofactors or substrates are not required for light production, and photoproteins have not been shown to turn over in vitro. The photoproteins, aequorin, from the hydrozoan jellyfish Aequorea, and mnemiopsin, from the ctenophore Mnemiopsis, have been purified to homogeneity (5, 6) . Berovin, from the ctenophore Beroe (5), has been obtained in 50% pure form. Each is a single polypeptide chain having a molecular weight between 25,000 and 30,000. Aequorin has a visible absorption band with a peak near 460 nm (7) , while mnemiopsin has a corresponding absorption band with a peak near 435 nm (8) . In each case, the visible absorption band is lost during the light-producing reaction with Ca++ and a product having an absorption maximum at 335 nm is formed.
Photoprotein reactions appear to be distinctly different from the classical luciferin-luciferase reactions of the firefly (Photinus), sea pansy (Renilla), and crustacean (Cypridina). In these systems the light-producing reaction is the enzymecatalyzed oxidative decarboxylation of a low-molecularweight luciferin molecule (4, (9) (10) (11) (12) . The light intensity is strictly dependent on the concentration of molecular oxygen. The bioluminescence reaction scheme for an anthozoan coelenterate, the sea pansy Renilla reniformis, is an example of the luciferin-luciferase type system (4).
We view the photoprotein reaction scheme of Aequorea as follows (13) Renilla (4, 13, 17) . For example, Renilla luciferin in methanol absorbs light maximally at 435 nm, the peak of mnemiopsin absorption. In aprotic solvents Renilla luciferin absorbs at 454 nm, the absorption maximum of aequorin. The Renilla luciferin reaction product and the products of Ca++-induced light emission from aequorin and mnemiopsin all absorb in the near UV with a maximum at 335 nm (7, 8, 17) .
The structure of a fully active analog of Renilla luciferin (I, Fig. 1 ) has been elucidated and confirmed by total synthesis (17, 18) . This analog is identical to native Renilla luciferin except that the benzyl side chain at position 2 is replaced with a substituted phenolic side chain. For convenience of discussion this analog will be referred to as Renilla luciferin. The products of the light reaction, CO2 and oxyluciferin (II, Fig. 1 ), have also been determined (11, 17) . With the possible exception of the position 2 substituent mentioned above, Renilla oxyluciferin is identical to Aequorea oxyluciferin (III, Fig. 1 ) (19) . Furthermore, the hydrolysis products of both oxyluciferins, termed (20) or Renilla etioluciferin (IV, Fig. 1 ), are identical in all respects. In addition, it has been shown that a Renilla-type luciferyl sulfate (V, Fig. 1 ), the storage form of luciferin, is present in tissue extracts of Aequorea and Mnemiopsis (21) .
Preliminary communications (13, 22) reported the presence in pure samples of aequorin and mnemiopsin of luciferin molecules that crossreact with Renilla luciferase. In this paper we describe the results of improved methods for extracting photoprotein luciferin. The properties of luciferin isolated from aequorin, mnemiopsin, and berovin are described and implications concerning the role of oxygen in photoprotein reactions are discussed.
MATERIALS AND METHODS
The photoproteins aequorin, mnemiopsin, and berovin were purified as described (5, 24) . Renilla luciferase was extensively purified and was free of contamination from luciferin binding protein (23) , luciferin sulfokinase (25) , and green fluorescent protein (26, 27) . Reagent The numbers tabulated represent the best yields obtained in a variety of experiments. Percentages in the last column were calculated for aequorin, mnemiopsin, and berovin as the ratio of mol of chromophore reacted in a luciferase-dependent reaction to the values 6.9 X 10-12, Properties of Photoprotein Luciferin. The extracted photoprotein luciferins no longer flash upon the addition of Ca++. Light production instead requires Renilla luciferase, and the intensity depends upon molecular oxygen concentration. These relationships are depicted in Fig. 2 for mnem (02) was bubbled into the sample, followed by argon (Ar) 2 min later. Second and third additions of luciferase (5 ,ug each) were made later during the reaction. Calcium addition (2 mM Ca++) did not initiate a photoprotein reaction, but rather inhibited slightly the luciferase reaction. Calcium inhibition of luciferase at this concentration has previously been observed (John Matthews, personal communication). void volume, indicating that this small fraction of luciferin had remained bound to protein (Fig. 3C) .
In a separate experiment (Fig. SB) mnemiopsin pretreated for 5 min was chromatographed at 00 on Bio-Gel P-6 equilibrated with buffer containing 1.25 M mercaptoethanol. The void volume protein eluted in 25 min, making the total time of exposure to mercaptoethanol 30 min. In contrast, virtually all of the mnemiopsin chromophore (86%) remained associated with protein in the void volume. However, of this, only a small portion (<5%) responded as native photoprotein by flashing on the addition of Ca++. The remaining portion had been altered by mercaptoethanol so that now it required not only Ca++, but also luciferase and oxygen for bioluminescence. In these respects the void volume protein resembles the Renilla luciferin binding protein (23) . The calcium dependency of this altered mnemiopsin can be overcome by warming it to room temperature in the presence of mercaptoethanol, with the quantitative release of bound luciferin. A schematic diagram of the release of luciferin from ctenophore photoproteins, incorporating the "binding protein" intermediate, is pictured in Fig. 4 .
Oxygen Involvement. An oxygenated intermediate in the bioluminescent and chemiluminescent oxidations of Renilla (11, 29) and Cypridina (12, (29) (30) (31) luciferins has been proposed as the linear hydroperoxide at position 2 in the imidazole ring (VI, Fig. 1 ). In view of the striking similarities between aequorin bioluminescence and Renilla bioluminescence, it has been suggested (17, 29, (32) (33) (34) 
